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1. Introduction 
The increasing demands on compact multifunctional devices have necessitated the 
development of multi-frequency printed dipoles which can be integrated into familiar devices 
such as laptop computers and mobile phones. The typical difficulties encountered in designing 
compact antennas include narrow bandwidth, and low radiation efficiency. In order to achieve 
a good efficiency, considerable effort must be expended on the matching network. Other 
researchers have found that the bandwidth of the dipole antenna can be enhanced by loading 
the antenna with parallel lumped element circuits (Rogers et al., 2003). Over the last decade, 
increasing demands for low profile multifunctional antennas have resulted in considerable 
interest by the electromagnetic research community in Metamaterials (MTMs). Due to unique 
electromagnetic properties, MTMs have been widely considered in monopole and dipole 
antennas to improve their performance (Erentok et al., 2005; Erentok et al., 2008; Liu et al., 
2009; Jafargholi et al., 2010). The applications of Composite Right/Left Handed (CRLH) 
structures to load the printed dipole have been investigated both numerically (Iizuka et al., 
2006; Iizuka et al., 2007; Borja et al., 2007) and analytically (Rafaei et al., 2010). However, main 
drawbacks of this method are low gain and low efficiency. The use of transmission-line based 
MTMs to realize a tri-band monopole antenna has been recently investigated in (Zhu et al., 
2010). However, the cross polarization levels of the proposed antenna in (Zhu et al., 2010) are 
very high. It is also known that the antenna properties can be improved by covering the metal 
radiating parts or filling the antenna volume. For instance, the bandwidth of the microstrip 
patch antenna can be significantly improved by replacing the dielectric substrate with the 
magneto-dielectric one (Mosallaei et al., 2007). Recently, (Erentok et al., 2008) have considered 
the use of Double Negative (DNG) cover to match an electrically small electric dipole antenna 
to free space. The effect of complex material coverings on the bandwidth of the antennas has 
been also investigated in (Tretyakov et al., 2004). 
In this section, first, the influence of the material inclusions on the input impedance of the 
loaded dipoles excited by a delta function is analytically investigated. Novel and accurate 
analytical expressions for the input impedance of the loaded dipoles are proposed based on 
the mode matching technique. The boundary conditions are also enforced to obtain several 
simultaneous equations for the discrete modal coefficients inside the radiating region. Study 
of the input impedance of the whole multilayered structure is accomplished by the cascade 
connection of mediums as characterized by their constitutive parameters. New and accurate 
analytical formulas for the loaded dipole antenna are derived and successfully validated 
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through a proper comparison with the results obtained with the commercial software CST 
Microwave Studio. 
Moreover, a compact multiband printed dipole antenna loaded with reactive elements is 
proposed. The reactive loading of the dipole is inspired by the Epsilon-Negative (ENG) and 
DNG- MTM inclusions, which enable the loaded dipole to operate in multiband. The 
reactive loads are realized by two rake-shaped split ring resonators (SRRs) facing each other. 
Investigations reveal that the loaded dipole radiates at two or three separated bands 
depending on symmetrical or asymmetrical loading and load locations. The new resonance 
frequencies are lower than the natural resonance frequency of the conventional half 
wavelength dipole. In this range of frequencies, the radiation efficiency of the composite 
antenna is high. In order to validate the simulation results, a prototype of the proposed 
printed dipole is fabricated and tested. The agreement between the simulated and measured 
results is quite good. 
2. Full-wave analysis of loaded dipole antennas using mode-matching theory 
In recent years, introducing MTMs opened the way for many researcher groups to enhance 
the antenna performances. Due to unique electromagnetic properties, MTMs have been 
widely considered in monopole and dipole antennas to improve their performance 
(Jafargholi et al., 2010). The problem of dielectric loaded wire antenna is heretofore analyzed 
using numerical methods, e.g., Method of Moment (MoM) (Shams et al., 2007), Finite 
Difference Time Domain (FDTD) (Beggs et al., 1993), and simulations based on commercial 
software (Kennedy et al., 2006). However, the analytical analysis of the dielectric loaded 
dipole antennas has not been reported in the literature.  
The novelty of this section is to introduce a mode-matching analysis of a dipole antenna 
loaded with material inclusions. In this section, a theoretical formulation for a multiply 
dielectric loaded slotted spherical antenna is proposed based on the mode-matching 
method, to predict the behavior of the loaded dipole. It is worth noting that the radiation 
pattern of a finite length small angle biconical antenna differs only slightly from the pattern 
of a dipole (Kraus et al., 2002). Here, since the biconical antenna can be exactly analyzed and 
it also reduces, in the limiting case, to a cylindrical dipole antenna (Collin et al., 1969), this 
structure is considered for the analytical investigations. The obtained analytical formulas 
confirm the general conclusions recently presented in (Shams et al., 2007; Beggs et al., 1993), 
regarding the effect of material inclusions on the dipole antenna performance. It is 
demonstrated that the inclusion influence on the input impedance of a dipole is significant 
only for DNG-MTM inclusions.  
2.1 Field analysis  
Fig. 1(a) illustrates a slotted dielectric loaded hollow conducting sphere of radius a, 
containing a Hertzian dipole ( )ˆJ zJ r rδ ′= − , placed at the center ( r r , 0,θ φ′= = ), Here 
( )r, ,θ φ  are the spherical coordinates and δ  is a delta function. The time convention of is 
j te ω−  suppressed throughout. Due to azimuthally symmetry, the fields depend on ( )r,θ  and 
the fields are then TM waves, which can be expressed in terms of magnetic vector potentials. 
The total magnetic vector potential for the un-slotted sphere (First region, I) is a sum of the 
primary and secondary magnetic vector potentials, (Ock et al., 2009). 
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 ( ) ( ) ( )pi sz rˆˆA r, zA r, rA r,θ θ θ= +         (1) 
While, the primary magnetic vector potential is a free-space Green’s function as 
 ( ) 1
ik R
p 1
z
J e
A r,
4 R
µθ
pi
=          (2) 
where zˆ  and rˆ  are unit vectors and 2 2R r r 2rr cosθ′ ′= + − . And the secondary magnetic 
vector potential is 
 ( ) ( ) ( )sr n n I n
n 0
ˆA r, a J k r P cosθ θ
∞
=
=          (3) 
where ( )nJˆ .  is the spherical Bessel function and ( )nP .  is the Legendre function. The 
coefficient is (Ock et al., 2009) 
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     (4) 
Now consider a slotted conducting sphere, as shown in Fig. 1(a). The total magnetic vector 
potential in region (I) consists of the incident iA  and scattered IrA  potentials as  
 ( ) ( ) ( )Ir n n I n
n 0
ˆA r, C J k r P cosθ θ
∞
=
=           (5) 
Here, nC  is an unknown modal coefficient. The r-component of the magnetic vector 
potential in region (II, III, IV, and V) of the l-th slot is 
 ( ) ( ) ( ) ( )l l
v v
l , l , l ,
r v v v
v 0
ˆ ˆA r, R cos D J k r E N k r , II,III,IV,Vγ γ γ γγ γξ ξθ θ γ
∞
=
 = + =      (6) 
Where  
 ( )
( )
( ) ( ) ( ) ( )
( ) ( )
l
v
l l l l
v v v v
l l l
v v v
l l
2 2
l ,
v
Q cos v 0
II,V
Q cos P cos P cos Q cos v 1
R cos
P cos G Q cos III,IV
ξ
ξ ξ ξ ξ
γ
γ
ξ ξ ξ
θ
α θ α θ
θ
θ θ
 =
− ≥
=  +
   (7) 
The r-component of the magnetic vector potential in region (VI) is 
 ( ) ( ) ( ) ( )2VIr n n VI n
v 0
ˆA r, F H k r P cosθ θ
∞
=
=        (8) 
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(c) 
Fig. 1. (a) Multiply- (b) single slotted dielectric loaded conducting hollow sphere,  
and (c) dielectric loaded dipole antenna: cross-sectional view, a=0.1mm, b=2.5mm,  
h=|c-b|=0.5mm, d=5mm, r0=0.1mm, H=2.4mm, Ld=4.9mm, and the dipole radius, rd, is 
equal to 0.1mm. From (Jafargholi et. al., 2012), copyright © 2012 by the Electromagnetics, 
Taylor & Francis Group, LLC. 
where nF  is an unknown modal coefficient and 
( ) ( )2nHˆ .  is the spherical Hankel function of the 
second kind. To determine the modal coefficients, we enforce the field continuities as Table 1.  
Limits Magnetic FieldsElectric FieldslayersBoundary 
r=a, 
q q
1 2α θ α< <  
i I IIH H Hφ φ φ+ =  
q qI
II 1 2EE
0 otherwise
θ
θ
α θ α < <
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 I , II 1 
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q q
1 2α θ α< <  
III IIH Hφ φ=  
q qII
III 1 2EE
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θ
θ
α θ α < <
= 
 II , III 2 
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q qV
III 1 2EE
0 otherwise
θ
θ
α θ α < <
= 
 III , V 3 
r=d, 
q q
1 2α θ α< <  
VI VH Hφ φ=  
q qV
VI 1 2EE
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θ
θ
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= 
 V, VI 4 
b<r<c, 
q
1,2θ α=  
VI IIIH Hφ φ=  
IV III
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Table 1. Boundary conditions 
Applying orthogonal integrals and mathematical manipulation some can write the 
equations as follow.  
Dielectric 
2r0 
Ld h 
H 
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The required definitions are illustrated in the appendix. For a single slot configuration 
(biconical antenna loaded with a dielectric, Fig. 1(b), due to the magnetic field boundary 
condition between region III and IV, ( )l ,vR cosγ θ  has been simplified as 
 ( )
( )
( ) ( ) ( ) ( )
( ) ( ) ( )( ) ( ) ( )
( )
v
v 2 v v 2 v
1,
v
v 1 v 2III
v v
IV v 1 v 2
v
Q cos v 0
II,V
Q cos P cos P cos Q cos v 1
R cos P cos P cos
P cos 1 Q cos III
Q cos Q cos
P cos IV
γ
θ
α θ α θ
θ α αµθ θ
µ α α
θ
  = 
− ≥ 
=   ′ ′  −
+ −   
′ ′
−     
    (16) 
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Finally, the unknown coefficients are  
II II III III IV IV V V
n v v v v v v v v nC , D , E , D , E , D , E , D , E , F  
2.2 Numerical analysis 
From the formulas presented in the previous section it is straightforward to write short 
programs that illustrate the difference between the different types of material inclusions. To 
this aim, the cone angle of the biconical antenna is selected to be as small as possible, e.g., 
2α1=2.5 degree. To clear this selection, it is should be noted that, based on (Collin et al., 
1969), it is well known that the input impedance of a biconical antenna changes significantly 
by changing cone angle. Hence the input impedance of a biconical antenna is investigated 
with regards to its cone angle. The inverse radiation impedance vZ  of biconical antennas, 
for the small feed gap condition ( 1k a 1<< ) is given by (Ock et al., 2009; Saoudy et al., 1990) 
 
( ) ( ) ( )
( ) ( )
v
v v
1
II II1
2 1 v II v II
v 0
v II II
0 0 II 0 0 II
R cosˆ ˆj sin ln cot D J k b E N k b
2
Z
ˆ ˆD J k b E N k b
ξ
ξ ξ
θ α
θαη α
θ
pi
∞
=
=
∂   +    ∂ 
=  ′ ′+ 

     (17) 
The analytic simulations have been compared with CST simulation results of an equivalent 
dipole antenna (radius, rd). The results have been presented in Fig. 2. According to these 
results for the antenna radius rd <0.01λ (≈biconical antenna 2α1≤3.4 degree, with regards to 
f=25GHz as main frequency) the loaded dipole may be considered as a limit case of a loaded 
biconical antenna (the approximation meet numerical simulations with good agreement). 
The simulation parameters have been considered as: a=0.1mm, b=2.5mm, h=|c-b|=0.5mm, 
d=5mm, r0=0.1mm, H=2.4mm, Ld=4.9mm, and the dipole antenna filled with DPS material 
inclusions, (εr=2.2 and Ǎr=1). It is should be noted that for the radius 0.01ǌ<rd<0.02ǌ, the 
antenna input impedance has been extracted approximately; and larger values cause 
significant errors in impedance computations. 
a. Dielectric-Covered Biconical Antennas 
To validate the proposed method, it is useful to consider a conventional covered biconical 
antenna (Fig. 3) as first limiting case. The input impedance of a thin biconical antenna 
embedded in dielectric material has been derived by (Tai et al., 1958). A slightly more 
general expression applicable to a biconical antenna embedded in a lossless material of 
arbitrary permeability and permittivity has been given by (Polk et al., 1959). 
Assuming L 1= , the region III fills by PEC, and 1k a 1<< ; the slotted conducting sphere 
becomes a biconical antenna, as shown in Fig. 3. In Fig. 4, the effects of the numbers of 
modes in computation convergence have been depicted. It is clear that good convergence 
has been achieved.  
In Fig. 5, the analytic results for the impedance of a biconical antenna have been compared 
with CST simulation results. As it is stated before, the antenna cone angle has been chosen 
as 2α1=2.5 degree. According to this figure, a good agreement has been achieved between 
analytic and numeric simulations.  
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Fig. 2. The |S11| [dB] for a DPS-loaded dipole antenna: analytical (Blue) against numerical 
results (Red). Analytical results are obtained using proposed analytical expressions; while 
the numerical results are extracted using CST software. From (Jafargholi et. al., 2012), 
copyright © 2012 by the Electromagnetics, Taylor & Francis Group, LLC. 
 
 
Fig. 3. Dielectric-covered biconical antenna: cross-sectional view, a=0.1mm, b=5mm,  
εr= Ǎr =1. From (Jafargholi et. al., 2012), copyright © 2012 by the Electromagnetics, Taylor & 
Francis Group, LLC. 
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(b) 
Fig. 4. Convergence analysis of the dielectric- covered biconical antenna, input impedance 
(a) real, and (b) imaginary parts. From (Jafargholi et. al., 2012), copyright © 2012 by the 
Electromagnetics, Taylor & Francis Group, LLC. 
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(b) 
Fig. 5. Input impedance of the dielectric-covered biconical antenna: analytical against 
numerical results. Analytical results are obtained using proposed analytical expressions; 
numerical results are computed by CST software; (a) real, and (b) imaginary parts. From 
(Jafargholi et. al., 2012), copyright © 2012 by the Electromagnetics, Taylor & Francis 
Group, LLC. 
In Fig. 6, the analytic result for impedance of dielectric covered biconical antenna versus 
dielectric material has been illustrated. The antennas parameters are b=5mm, 2α1=2.5 degree,  
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(b) 
Fig. 6. Input impedance of the dielectric-loaded biconical antenna: analytical against 
numerical results. Analytical results are obtained using proposed analytical expressions; 
numerical results are computed by CST software; (a) real, and (b) imaginary parts. From 
(Jafargholi et. al., 2012), copyright © 2012 by the Electromagnetics, Taylor & Francis Group, 
LLC. 
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a=0.1mm. It seems clearly that the antenna input impedance affects significantly with 
dielectric material. The insertion of dielectric material into the biconical antenna structure 
causes increased frequency dependence of the antenna. The larger material permittivity, the 
more rapid is the variation of the input impedance. Similar results have been obtained by 
(Saoudy et al., 1990; Tai et al., 1958; Polk et al., 1959).  
b. Dielectric Loaded Biconical Antenna 
In order to demonstrate the capability of the MTM loading to realize a miniaturized 
antenna, two examples are studied here. The first one is a dipole antenna filled with Double 
Positive (DPS) material inclusions, (εr=2.2 and Ǎr=1). A DNG-loaded dipole antenna, whose 
parameters are labeled in Fig. 1(c), is also studied. Here, the Drude model (Jafargholi et al., 
2011) is used to simulate the MTM inclusions, since it can yield a negative real part of the 
permittivity/permeability over a wide frequency range. For the DNG inclusions, both Ǎ and 
ε obey the Drude model (with plasma frequency ωp=15×1010 rad/s and collision frequency  
fc =0.01GHz) as bellow 
 ( ) ( ) { }
2
p
r
c
,
iv
ωξ ω ξ ξ ε µ
ω ω∞
= − ∈
−
       (18) 
In Fig. 7, the effects of the numbers of modes in computation convergence have been 
presented. Again, it is clear that good convergence has been obtained. The computation time 
of the analytic model is about 5 minutes for all frequency points compared to several hours 
using CST over a frequency range of 0 to 30GHz, while this time increased in CST for higher 
permittivity and permeability materials. (For a 3.2GHz dual core CPU with 2GByte RAM). 
The analytical results for the input impedance (both real and imaginary parts) of the DPS- 
and DNG-loaded dipole antennas are presented in Fig. 8. As a reference, the simulated 
input impedance of equivalent DPS- and DNG- loaded dipoles are also plotted in this 
figure. As can be seen in this figure, the analytical results for the input impedance of the 
loaded dipoles are in good agreement with the CST simulation results. Simulations show 
that for the dipole antenna loaded with DNG-inclusions, an additional resonance frequency 
is introduced at the frequencies lower than the antenna resonant frequency where the 
antenna radiates an omnidirectional radiation pattern. In contrast, for the dipoles loaded 
with DPS-inclusions, changing DPS locations on the antenna arms causes no resonances at 
frequencies lower than the main resonant frequency. 
3. A compact multi-band printed dipole antenna loaded with single-cell MTM 
Now, the effect of material inclusions embedded in a simple dipole antenna has been 
investigated. The numerical investigations result in some general conclusions regarding the 
effect of material inclusions on the dipole antenna performance. It is demonstrated that in 
contrast to the DPS and Mu-Negative (MNG) MTMs, ENG- and DNG-MTM inclusions can 
provide multi-band performance. To practically realize this method, a compact multiband 
printed dipole antenna is designed using reactive loading, which is inspired by ENG-MTM 
inclusions. To this aim, a novel printed MTM element is proposed and successfully tested. 
The proposed MTM cell shows ENG behavior at around the antenna operating frequency.  
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(b) 
Fig. 7. Convergence analysis of the dielectric- loaded biconical antenna, input impedance (a) 
real, and (b) imaginary parts. From (Jafargholi et. al., 2012), copyright © 2012 by the 
Electromagnetics, Taylor & Francis Group, LLC. 
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(d) 
Fig. 8. Input impedance of the loaded biconical antenna: analytical against numerical results. 
Analytical results are obtained using proposed analytical expressions; numerical results are 
computed by CST software; (a) real, and (b) imaginary parts for dielectric materials and (c) 
real, and (d) imaginary parts for DNG metamaterials. From (Jafargholi et. al., 2012), 
copyright © 2012 by the Electromagnetics, Taylor & Francis Group, LLC. 
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The dimensions of the proposed MTM cell is optimized to meet the specifications of the 
mobile bands (890.2MHz–914.8MHz, and 1710MHz–1784MHz) while maintaining its 
compact size. The antenna radiation efficiency at the first resonance frequency is 
significantly higher than those reported for other miniaturized printed dipoles in the 
literature (Iizuka et al., 2006; Iizuka et al., 2007; Borja et al., 2007; Rafaei et al., 2010). It is 
worthwhile to point out here that the subject of single-cell MTM loading is not new and has 
been studied by other authors (Zhu et al., 2010).  
3.1 A dipole antenna loaded with MTM inclusion 
It is known that the resonance frequencies of an original monopole/dipole are harmonics of 
the main resonant frequency ω1. However, ominidirectional radiation pattern distortion and 
low directivity are two major disadvantages associated with monopole/dipole antenna 
resonating at higher order harmonics (ωm>ω1) (Balanis, 1989; Jafargholi et al., 2010).  
In this section, a simple and intuitive rule for determining the beneficial filling material type 
for dipole antennas has been introduced. A dipole antenna loaded with cylindrical 
dispersive MTM inclusions is shown in Fig. 9. It is assumed that the MTM inclusions are 
embedded in the both arms of the dipole. Here, the Drude model (Engheta et al., 2006) is 
used to simulate the MTM inclusions, since it can yield a negative real part of the 
permittivity/permeability over a wide frequency range. Depending on the MTM type either 
Ǎ or ε (or both) obey the Drude model (with plasma frequency ωp=1.8×1010 rad/s and 
collision frequency fc =0.2GHz) and are equal to one otherwise. The distance from the 
location of the MTM inclusions to the feed point is denoted as dMIF.  
 
 
Fig. 9. An ideal model of MTM loaded dipole: Ld=120mm, Wi=2.5mm, G=5mm, d=27mm. From 
(Rafaei et al., 2011), copyright © 2011 by the IET Microwaves, Antennas & Propagation. 
The behaviors of the loaded dipole as a function of the MTM type and the distance of the 
MTM inclusions from the antenna feed point, dMIF, have been studied. Fig. 10 shows the 
antenna reflection coefficient for the dipoles loaded with DPS-, MNG-, DNG-, and ENG-
inclusions, with dMIF as a parameter. As the ENG- or DNG- inclusions are added, the 
antenna resonant behavior changes.  
MTM Inclusion 
Wi 
dMIF
G 
Ld 
d 
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It can be concluded from Fig. 10 that for the dipole antenna loaded with DNG- or ENG-
inclusions, an additional resonance frequency is introduced at the frequencies lower than 
the antenna resonant frequency where the antenna radiates an omnidirectional radiation 
pattern. In contrast, for the dipoles loaded with DPS- or MNG-inclusions, changing 
DPS/MNG locations on the antenna arms causes no resonances at frequencies lower than 
the main resonant frequency, as shown in Fig. 10(a,b).  
 
Fig. 10. CST simulation results for |S11| [dB], versus location of (a) DPS-, (b) MNG-, (c) 
DNG- and (d) ENG-inclusions. From (Rafaei et al., 2011), copyright © 2011 by the IET 
Microwaves, Antennas & Propagation. 
As the distance between the ENG-/DNG-inclusions and the feed point is increased, the 
main resonant frequency decreases while the low resonant frequency is almost unchanged. 
This feature provides the ability to choose the second resonance frequency arbitrarily based 
on provision dictated by application. And thus the frequency ratio between these two 
frequencies can be readily controlled by adjusting the inclusion locations.  
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In addition, for the case of the dipoles loaded with DNG-/ENG-blocks and 
50mm<dMIF<75mm, more than one resonance is introduced at around the antenna main 
resonant frequency where the antenna radiates omnidirectional radiation patterns, as shown 
in Fig. 10(c,d). 
To make the concept more clear, three DNG loaded dipoles are designed and simulated. The 
reflection coefficient results for the dipole antennas loaded with different DNG blocks and 
different dMIF are shown in Fig. 11. For comparison purposes, the reflection coefficient of an 
unloaded dipole antenna is also presented in Fig. 11. As can be seen, all the antennas have 
multi-resonance behavior. The first frequency bands of the proposed loaded dipoles are 
narrow. This narrow frequency bands are the direct consequence of the resonant nature of 
the MTM inclusions. The gain, efficiency, and bandwidth of the three loaded dipoles are 
compared in Table 2. For the first design, the antenna bandwidth at first resonance is quite 
good but its gain is low. In contrast, for the second design, the antenna has a high gain at the 
first resonance frequency but at the expense of a narrower bandwidth. As a result, the type 
of the DNG-inclusion is a result of a trade-off between the antenna radiation efficiency 
(gain) and bandwidth, such as design III. 
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
-30
-25
-20
-15
-10
-5
0
Frequency [GHz]
|S
1
1
| 
[d
B
]
 
 
Unloaded Dipole
DNG-Loaded, Desgin I
DNG Loaded, Desgin II
DNG-Loaded, Desgin III
 
Fig. 11. Reflection coefficient results for dipole antennas loaded with different DNG blocks; 
Design I: dMIF=72mm and Drude model with ωp=1.8×1010rad/s, and fc =0.2GHz, Design II: 
dMIF=100mm, ωp=1.8×1010rad/s and fc =0.01GHz, and Design III: dMIF=85mm, ωp=1.8×1010rad/s 
and fc =0.1GHz. As a reference, an unloaded dipole antenna is also simulated. From (Rafaei et 
al., 2011), copyright © 2011 by the IET Microwaves, Antennas & Propagation.  
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Table 2. Gain, efficiency, and bandwidth characteristics of the dipole antenna loaded with 
different DNG inclusions  
The behaviors of the loaded dipole as a function of the plasma frequency for dMIF=72mm, 
have been also studied. Fig. 12 shows the antenna reflection coefficient for the dipoles 
loaded with ENG-, DNG-, and MNG-inclusions. It can be concluded from Fig. 12 that for the 
dipole antennas loaded with DNG- or ENG-inclusions, an additional resonance frequency is 
introduced at the frequencies lower than the antenna main resonant frequency. In addition, 
as can be seen from Fig. 12(a,b), in the DNG-loaded case, an additional resonance has been 
appeared, especially for higher values of plasma frequency, as compared to the ENG-loaded 
dipole. In contrast, for the dipoles loaded with MNG-inclusions, changing plasma frequency 
causes no resonances at frequencies lower than the main resonant frequency, as shown in 
Fig. 12(c).  
In Fig. 13, the effect of permittivity and permeability of the DPS inclusions on the resonance 
frequency of the dipole antenna has been studied. As can be seen, increasing the 
permittivity of the loaded DPS results in a dual band operation in which the frequency 
separation ratio increases as the permittivity increases. However, for the dipoles loaded 
with magnetic inclusions, changing permeability causes no resonance frequency change.  
www.intechopen.com
 
Metamaterial 
 
392 
Plasma Frequency ωp [Rad/s]
F
re
q
u
e
n
cy
 [
G
H
z]
1 2 3 4 5
x 10
10
0.5
1
1.5
2
2.5
3 -30
-25
-20
-15
-10
-5
 
(a) 
Plasma Frequency ωp [Rad/s]
F
re
q
u
e
n
cy
 [
G
H
z]
1 2 3 4 5
x 10
10
0.5
1
1.5
2
2.5
3 -30
-25
-20
-15
-10
-5
 
(b) 
Plasma Frequency ωp [Rad/s]
F
re
q
u
e
n
cy
 [
G
H
z]
1 2 3 4 5
x 10
10
0.5
1
1.5
2
2.5
3 -25
-20
-15
-10
-5
 
(c) 
Fig. 12. CST simulation results for |S11| [dB] versus plasma frequency, dMIF=72mm, (a) 
ENG-, (b) DNG-, (c) MNG-inclusions. From (Jafargholi et. al., 2012), copyright © 2012 by the 
ACES Journal. 
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(b) 
Fig. 13. CST simulation results for |S11| [dB], dMIF=45mm, versus material (a) permittivity, 
Ǎr=1, and (b) permeability, εr=1. From (Jafargholi et. al., 2012), copyright © 2012 by the ACES 
Journal. 
The behaviors of the loaded dipole as a function of the inclusion width for dMIF=45mm, have 
been also studied. Fig. 14 shows the antenna reflection coefficient for the dipoles loaded 
with DPS-, ENG-, DNG-, and MNG-inclusions. It can be concluded from Fig. 14(c,d) that, for 
the dipole antennas loaded with DNG-/ENG- inclusions, the additional resonance 
frequency is significantly affected by the width of the inclusions. In contrast, for the dipoles 
loaded with DPS- and MNG-inclusions, changing inclusion widths causes no resonances at 
frequencies lower than the main resonant frequency, as shown in Fig. 14(a,b).  
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(c)                                                        (d) 
Fig. 14. CST simulation results for |S11| [dB], dMIF=45mm, versus width of (a) DPS-,  
(b) MNG-, (c) DNG- and (d) ENG-inclusions. From (Jafargholi et. al., 2012), copyright © 2012 
by the ACES Journal. 
4. Simulations and realization 
In the previous section, it was revealed that the use of the ENG- and DNG-inclusions has led 
to a multi-resonance behavior. In this section, a new printed MTM cell is introduced to 
realize the ENG-inclusions. Fig. 15 shows a schematic of the proposed MTM cell along with 
its design parameters. The proposed MTM cell is printed on a FR4 substrate with a thickness 
of 0.8mm and a dielectric constant of 4.4. An important feature of the proposed MTM is that 
it offers more degrees of freedom than conventional MTM cells (Engheta et al., 2006). 
In order to retrieve the constitutive parameters of the proposed metamaterial, a unit cell 
positioned between two perfect electric conductors (PEC) in x direction and two perfect 
magnetic conductors (PMC) in z direction is simulated, and used to model an infinite 
periodic structure (Veysi et al., 2010). The resultant scattering parameters obtained from CST 
microwave studio are exerted to the Chen’s algorithm (Veysi et al., 2010). The normalized 
impedance (z) and refractive index (n) of the under-study medium can be calculated as 
following:  
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(a) 
 
(b) 
Fig. 15. Schematic of the proposed MTM unit cell and its design parameters, (a) front view, 
(b) back view: La=23.54mm, Lb=15.55mm, Lc=14.78mm, w1=0.7mm, g1=0.8mm, w2=4mm, g2= 
0.5mm, ws=2.5mm, and Ls=26.75mm. From (Rafaei et al., 2011), copyright © 2011 by the IET 
Microwaves, Antennas & Propagation. 
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The ambiguity of the value of m in (20) is resolved by using Kramers-Kronig (KK) relating 
the real and imaginary parts of the index of refraction (Lucarini et al., 2004). Where, P.V. 
denotes the principal value of the integral. The effective permittivity (ε) and permeability (µ) 
of the medium can be expressed as: ε=n/z, µ=nz. Fig. 16 shows the retrieved effective 
parameters of the proposed metamaterial cell. As can be seen, the proposed MTM cell has 
the permittivity that exhibits Drude behaviour at frequencies lower than 1.1GHz and 
Lorentz behaviour (Engheta et al., 2006) at frequencies higher than 1.1GHz. 
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Fig. 16. Retrieved effective parameters of the Proposed MTM cell. From (Rafaei et al., 2011), 
copyright © 2011 by the IET Microwaves, Antennas & Propagation. 
Thus, this MTM can be approximated via a combination of Lorentz and Drude models. In 
order to realize the miniaturization method described previous section, double-sided 
printed dipole antenna is chosen for its simplicity in implementation and its low profile. 
Fig. 17 shows the proposed miniaturized printed dipole, in which a pair of proposed 
MTM cells is symmetrically added to each side of the printed dipole. The proposed MTM 
cells and dipole are printed on a FR4 substrate with a thickness of 0.8mm and a dielectric 
constant of 4.4 to reduce the cost of the antenna and to make it more rigid in construction.  
For the MTM cells that are far away from the dipole arms, the coupling levels of them with 
the dipole arms are low and thus the arrangement of the several MTM cells has no effect on 
the frequency behaviour of the proposed antenna. As a result, the dipole is just loaded with 
single cell MTM. Similar to the DNG- (Ziolkowski et al., 2003) and ENG- (Alu et al., 2003) 
MTMs, the proposed MTM cell can be modelled as a parallel resonant LC circuit. Thus, the 
proposed metamaterial cell is modelled as a resonant LC circuit parallel to the dipole, and 
the radiation into the free space is modelled as a resistor (Sievenpiper et al., 2006). A 
prototype of the proposed miniaturized dual-band printed dipole is fabricated to confirm 
the simulation results. Fig. 18 shows a photograph of the fabricated antenna.  
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Fig. 17. Printed dipole symmetrically loaded with single cell MTM: Lba=42.05mm, 
Lf=27.5mm, Lg=12.52mm, Wa= 2.5mm, Wf=0.8mm. From (Rafaei et al., 2011), copyright © 
2011 by the IET Microwaves, Antennas & Propagation. 
 
Fig. 18. Prototype of proposed miniaturized printed dipole antenna loaded with single cell 
MTM. From (Rafaei et al., 2011), copyright © 2011 by the IET Microwaves, Antennas & 
Propagation. 
Fig. 19 shows the reflection coefficient of the proposed symmetrically loaded dipole with the 
gap length, g1, of 0.8mm as well as the unloaded dipole antenna. As can be seen, the dipole 
antenna along with the loading elements provides good matching at both resonance 
frequencies. For comparison purposes, a simple dipole antenna loaded with lossy ENG 
inclusions, with the same retrieved effective parameters of the proposed MTM cell (See Fig. 
16), is also simulated. As can be seen from Fig. 19, the reflection coefficient of the dipole 
loaded with ENG inclusions correlates nicely to that obtained for the single cell MTM 
loaded dipole. The co-polarized and cross-polarized radiation patterns of the proposed 
loaded dipole are measured at the resonant frequencies of 940MHz and 1.7GHz. 
The measured and simulated radiation patterns at first and second resonant frequencies are 
shown in Fig. 20. As expected, the radiation patterns at both resonant frequencies are similar 
to that of the conventional unloaded dipole antenna. The gain of the proposed antenna at 
low resonant frequency is high compared to that of the other miniaturized MTM loaded 
dipoles (Iizuka et al., 2006; Iizuka et al., 2007; Borja et al., 2007; Rafaei et al., 2010).  
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Fig. 19. Reflection coefficient of the proposed miniaturized printed dipole antenna loaded 
with single cell MTM. As a reference, an unloaded dipole and an ideal model of the ENG-
Loaded dipole are also simulated. From (Rafaei et al., 2011), copyright © 2011 by the IET 
Microwaves, Antennas & Propagation. 
The antenna gains at first and second resonant frequencies are -2.679dBi and 1dBi, 
respectively. The proposed antenna has a broad bandwidth of 15.96% at 940MHz (which 
is significantly wider than the bandwidth of other miniaturized MTM loaded dipoles 
(Iizuka et al., 2006; Iizuka et al., 2007; Borja et al., 2007; Rafaei et al., 2010)) and 32.35% at 
1.7GHz. An important advantage of the proposed antenna is that the dipole length does 
not need to be increased to lower the resonant frequency. Consequently, a compact 
antenna is obtained. 
Finally, the effect of the MTM location is investigated to obtain some engineering 
guidelines for loaded dipole designs. Thus, the loading elements move along the antenna 
arms and the antenna reflection coefficient is plotted in Fig. 21 for each stage. The gain, 
bandwidth and efficiency of the loaded dipoles with different MTM locations are also 
compared in Table 3.  
As can be seen, the first resonant frequency remains approximately unchanged while the 
second one reduces as the MTM cells move away from the antenna feed point. Thus, when 
the MTM elements move closer to the dipole ends, the separation of the two resonances 
decreases. In addition, when the MTM cells are placed close to the antenna feed point, the 
proposed antenna cannot match very well to a 50Ω transmission line. Moreover, as can be 
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seen from Figs. 10, 11 and 21 the single cell MTM loaded printed dipole follows closely the 
frequency behavior of the dipole antenna loaded with cylindrical dispersive ENG-
inclusions, as dMIF or Lg increases.  
    
(a) 
 
   
(b) 
Fig. 20. Radiation patterns of the proposed printed dipole antenna at (a) 940MHz and (b) 
1.7GHz. (Right hand figures are measurements). From (Rafaei et al., 2011), copyright © 2011 
by the IET Microwaves, Antennas & Propagation. 
In the previous design, a printed dipole was symmetrically loaded with single cell MTMs to 
realize a dual band operation. Here, the design parameters of the proposed dual band 
antenna are changed to provide a tri-band dipole antenna. As a result, two different tri-band 
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printed dipoles are provided in the following subsections. Since changing the locations and 
dimensions of the MTM cells does not have any significant effect on the antenna radiation 
patterns, the proposed antennas radiate omnidirectional radiation patterns at all resonant 
frequencies. However, these are not plotted here for the sake of brevity. 
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Fig. 21. The effect of MTM location on the reflection coefficient of the printed dipole 
antenna. From (Rafaei et al., 2011), copyright © 2011 by the IET Microwaves, Antennas & 
Propagation. 
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